Abstract. Using high-resolution X-ray diffraction (HRXRD), we have investigated lateral ordering the nanoislands formed from Ge wetting layer of various thicknesses deposited on a strained x x 1 Ge Si − sublayer. We observed that the high lateral ordering degree is initiated by ordered modulation of non-uniform deformation fields. This modulation is induced by small (∼0.3°) misorientation of Si substrate from [001] direction. Finally, we show that the miscut can be the source of perfectly ordered nanoisland arrays in two dimensions when the growth is performed on the strained SiGe (001) sublayer. The effect of substrate miscut can be amplified tuning the deviation of buffer layer surface from [001] growth direction via increasing the Ge content.
Introduction
Self-organization is the most perspective method to form nanoislands during epitaxial growth [1] . But it is known that the spontaneous nucleation of nanoislands in accord with the classical Stranski-Krastanov mechanism is accompanied by their chaotic arrangement [2] . Today several techniques are used to obtain ordered arrays of Ge(Si) nanoislands. In recent years, to organize arrays of Ge(Si) islands, they use their growth on an undulating surface formed by deposition of , containing a grid of misfit dislocations [5] , the growth in pre-structured Si substrates [6] . Application of these techniques allows obtaining the ordered chains of nanoislands with a high linear density, but in this case their two-dimensional density still remains low.
The possibility of spontaneous spatial ordering appears with elastic interaction of neighbor nanoislands, when the distance between them is of the order of their sizes in the growth plane [7, 8] . Reduction of this distance can be achieved by increasing the nanoisland density via decreasing the growth temperature. But it is followed also with reduction of the nanoisland size.
One of the most effective techniques to form dense ordered arrays of GeSi islands can be their growth on x 1
x Si Ge − buffer layers [9, 10] . It is known from [11] that the deposition of strained SiGe layer on Si(001) increases the growth plane roughness. This, in turn, leads to a decrease in the diffusion length of surface adatoms. As a result, the surface density of nanoislands increases with increasing their lateral interaction through the elastic deformation fields. This interaction facilitates nanoisland ordering in the growth plane.
The self-ordering effect of nanoislands grown on SiGe buffer layers can be amplified by unintentional miscut within the range of 0.2-0.5º of commercially available substrates Si(001). Until recently, the influence of misorientation of the substrate vicinal surface on epitaxial growth was not specially attended [12] . The step edges of atomic layers specify the modulation of non-uniform deformation fields in the deposited buffer layer [13] , which, in turn, becomes the pattern for the ordered formation of nanoisland arrays.
In this paper, we investigate the influence of substrate and buffer miscut on the lateral ordering the SiGe nanoislands formed on the x x 1 Ge Si − sublayer in dependence on the Ge amount. We demonstrate that high homogeneity in distribution of islands can be achieved when depositing 10 monolayers (ML) of Ge. Detailed characterization reveals that the direction of ordering the islands is given by the miscut direction, which has not been observed previously. In particular, we showed that the lateral period of nanoislands depends on the substrate misorienation value.
The samples under investigation were grown using molecular-beam epitaxy on Si(001) substrates with the controlled miscut 0.3º at 700 ºC. After thermal refinement of substrate in the growth chamber and the growth of 100-nm thick Si buffer layer, the 10-nm thick strained x x 1 Ge Si − sublayer with Ge fraction x = 0.22±0.02 was deposited. Self-assembled Ge nanoislands were formed on x x 1 Ge Si − sublayer in Stranski-Krastanov growth mode during deposition of the Ge layer with various thicknesses from 9 to 11 ML.
HRXRD measurements were performed with PANalytical X'Pert PRO MRD XL diffractometer. To obtain information about strains and their relaxation during nanoisland ordering, the reflection curves (RCs) and high-resolution reciprocal space maps (HR-RSMs) were measured for symmetrical 004 and asymmetrical 113, 404 reflections [14] .
Si substrate was slightly misoriented in the direction close to ] direction. The layer misorientation increases with increasing the Ge content due to the lattice mismatch. The nature of layer misorientation on miscut substrate is given in [15] .
Substrate surface deviations from exact crystallographic orientation are the triggers for the formation of anisotropically ordered system of quantum nanoislands due to different conditions for diffusion processes. Besides, the growth of strained SiGe layer on miscut substrate will cause the periodical strain modulation in the places of breaking the atomic steps [15] , which increases the ordering degree (Fig. 1) . The unit cells close to each SiGe/Si interface will be inhomogeneously strained because of the atomic steps [16] .
Modulation of elastic strain fields is caused by the reduction of chemical potential in the places with greater mismatch between Si substrate and SiGe layer. The following growth of Ge wetting layer (WL) reaches the critical thickness at a less equivalent amount of deposited Ge. In other words, the nanoislands are formed in the places of elastic strain localization [15] . In the case of vicinal surface of x x 1 Ge Si − layer, the nonuniform fields of elastic strains, which could decrease the critical thickness of WL, are absent. . These values are given in Table. Reciprocal space maps measured for asymmetrical 113 and 404 reflections confirmed our suggestions about ordering character in dependence on the thickness of deposited Ge (Fig. 3) .
The nanoisland ordering degree increases with Ge content increasing from 9 to 10 ML. This is seen from the appearance of the 2P nd P-order lateral satellites on RCs and HR-RSMs (Fig. 3b) . When the Ge layer thickness is 11 ML, these satellites disappear because of the bad structural properties [17] . Broadening the diffuse scattering background perpendicular to the diffraction vector can indicate the appearance of chaotically distributed misfit dislocations leading to the structural relaxation (Fig. 3с) .
One can observe the additional "streaks" on 113 HR-RSMs close to crystal truncation rod. We suppose that this diffraction effect is the result of mirror reflection of X-rays from island facets aligned along {110}. In 404 HR-RSMs, we did not observe this effect, since there is no scattering from facet edges. These streaks can be criteria of ordering the planar quantum dots. As it was showed in [18] , increase in the deposited Ge nominal thickness from 9 to 10 ML improves the ordering degree, which is seen from the high-order maxima in AFM autocorrelation profiles. A further increase in the Ge thickness up to 11 ML changes the size and shape of nanoislands that appear to be of an elliptical shape. This is a result of anisotropic character of material surface diffusion.
The decrease in the lateral period of nanoislands versus the deposited Ge thickness is evidently given by an increase in their density [18] . The observed difference of lateral period in mutually perpendicular directions for 113 reflections as well as for 404 reflections is a result of the difference of nanoislands planar unit cell from their square shape due to surface diffusion anisotropy. Note that the angle between nanoisland distribution directions was measured to be ≈82º. Thus, the planar unit cell representing the two-dimensional arrangement of nanoislands is an oblique lattice.
We have investigated the spatial ordering of nanoislands grown with different thicknesses of deposited Ge layer on the x x 1 Ge Si − sublayer. It has been shown that surface-ordered fields of elastic strains initiated by misorientation of substrate and buffer layers amplify the role of interdiffusion processes, which gives the anomalously great flux of atoms from the buffer sublayer into the islands. The ordered character of deformation fields gives rise to the formation of selfordered nanoisland system. The optimal nanoisland ordering was observed at 10 ML Ge deposition. 
